MRI studies using the manual tracing method have shown a smaller-than-normal hippocampal volume in patients with posttraumatic stress disorder (PTSD). However, these studies have yielded inconsistent results, and brain structures other than the hippocampus have not been well investigated. A recently developed, fully automated method called voxel-based morphometry enables an exploration of structural changes throughout the brain by applying statistical parametric mapping to high-resolution MRI. Here we first used this technology in patients with PTSD. Participants were 9 victims of the Tokyo subway sarin attack with PTSD and 16 matched victims of the same traumatic event without PTSD. The voxel-based morphometry showed a significant gray-matter volume reduction in the left anterior cingulate cortex (ACC) in trauma survivors with PTSD compared with those without PTSD. The severity of the disorder was negatively correlated with the gray-matter volume of the left ACC in PTSD subjects. There were no significant differences in other gray-matter regions or any of the white-matter regions between two groups. The present study demonstrates evidence for structural abnormalities of ACC in patients with PTSD. Together with previous functional neuroimaging studies showing a dysfunction of this region, the present findings provide further support for the important role of ACC, which is pivotally involved in attention, emotional regulation, and conditioned fear, in the pathology of PTSD.
F
indings from neuroimaging studies of patients with posttraumatic stress disorder (PTSD) have suggested that some brain pathology plays an important role in the disorder (1, 2) . Six structural MRI studies have shown that combat-related or childhood physically and͞or sexually abused subjects with PTSD have a smaller-than-normal hippocampal volume (3) (4) (5) (6) (7) (8) . However, almost the same number of studies failed to show reduced hippocampal volume in chronically maltreated children (9) (10) (11) , survivors of acute traumatic events (12) , nonalcoholic combat veterans (13) , and alcoholic patients (14) with PTSD. In contrast, brain structures other than the hippocampus have received less attention, although a few studies have reported whole-brain volume reduction (9) , reduced total white-matter volume (7), smaller corpus callosum (9) , larger superior temporal gyrus gray-matter volume (15) , and attenuation of frontal lobe asymmetry (11) . Therefore, it is unclear whether structural abnormality in brain structures other than the hippocampus exists in patients with PTSD.
In contrast to the emphasis on the hippocampus in previous structural MRI studies, symptom-provocation and cognitiveactivation studies using functional neuroimaging have revealed greater activation of the amygdala, anterior paralimbic structures, Broca's region, and other neocortical regions and a failure of activation of anterior cingulate cortex (ACC) in response to trauma-related stimuli in individuals with PTSD (1, 2, 16) . Furthermore, one study (17) showed a reduced N-acetylaspartate͞creatine ratio in ACC in subjects with PTSD, indicating neuronal loss or dysfunction in this region. These findings suggest that PTSD may be accompanied by a hyperresponsive amygdala and an underresponsive ACC that fails to inhibit the amygdala. To our knowledge, no studies have yet examined whether ACC is structurally affected in patients with PTSD, although functional neuroimaging studies have indicated an important role of the medial prefrontal cortex including ACC in the pathophysiology of PTSD.
As stated above, there is a discrepancy between the findings from previous studies of the conventional volumetry of the structural anatomy and those that have used functional anatomy of PTSD. The former focused on the hippocampus, whereas the latter highlighted the important role of the anterior cingulate. A possible explanation for this is that the hippocampus is a clearly defined structure that lends itself to volumetric analyses. Thus, our motivation for using automated voxel-based morphometry (VBM) here is that it assesses the anatomical differences everywhere in the brain without operational bias toward those brain structures that have easily identifiable boundaries. VBM was used recently in structural MRI studies of various neuropsychiatric disorders (18) . For example, VBM studies have successfully revealed regional gray-matter reductions in brain regions such as the inferior prefrontal region, insular cortex, and ACC in patients with schizophrenia compared with normal subjects; the detection of these reductions would have been difficult and͞or rare by the previous region-of-interest methods (19) (20) (21) . To our knowledge, however, VBM has not been used in previous studies of PTSD.
In the current study we used VBM to explore structural brain differences in the gray matter as well as the white matter between victims of the Tokyo subway sarin attack with and without PTSD. Based on findings from previous neuroimaging studies, we hypothesized that patients with PTSD would demonstrate volume reduction in medial temporal regions (including the hippocampus) and medial prefrontal cortices (including ACC). The Tokyo subway sarin attack was caused by terrorists belonging to a cult named Aum Shinrikyo in Japan on March 20, 1995 . Approximately 5,500 victims were exposed to sarin, a poisonous gas, and 12 of the victims died (22) . We recruited those victims, with or without PTSD, who had never received psychiatric treatment for PTSD caused by the attack. In addition, these subjects had little history of psychotropic treatment and no history of alcohol and substance abuse that could be significant confounding factors in neuroimaging studies of PTSD.
Methods
Subjects and Clinical Evaluation. Thirty-six subjects were recruited from a group of victims of the Tokyo subway sarin attack who were treated in the emergency room for acute sarin intoxication with a follow-up visit at St. Luke's International Hospital (Tokyo). Diagnostic interviews and magnetic resonance scans were performed between 2000 and 2001, 5-6 years after the incident. The participants completed the revised impact-of-event scale (23, 24) and were interviewed by trained psychiatrists (T.S., M.S., M.T., and S.F.) using the clinician-administered PTSD scale (CAPS) structured interview [refs. 25 and 26; Japanese version translated by Asukai et al. (27) ] ( Table 1 ). All the subjects were also screened for the presence or absence of neuropsychiatric disorders by trained psychiatrists using the mini-international neuropsychiatric interview (28) . These interviews were performed on the same day as magnetic resonance scanning.
Of the 36 participants, 9 were diagnosed as having PTSD related to the attack [1 man currently had PTSD, and 8 (4 men and 4 women) had a history of PTSD). Ten filled more than one but not all the criteria of the three-symptom clusters of PTSD including re-experiencing of the event, hyperarousal, and numbing. We excluded these ''partial'' PTSD subjects because their inclusion would blur the difference in brain morphology between the PTSD subjects and controls. One subject with current alcohol dependence was also excluded to avoid possible confounds of alcohol͞drug misuse on brain structure. The remaining 16 victims have never had PTSD (10 men and 6 women) nor any history of neuropsychiatric disorders. Thus, the final set of subjects in this study included 9 victims with PTSD and 16 victims without PTSD.
Three of the nine victims diagnosed as having PTSD had mental comorbidity: current major depression (n ϭ 1), current (n ϭ 1) and history of (n ϭ 1) panic disorder with agoraphobia. The prevalence of psychiatric comorbidity did not differ significantly between groups (depression, P ϭ 0.36; panic disorder, P ϭ 0.12; Fisher's exact test). Although two of the nine victims diagnosed to have PTSD had received benzodiazepines for 2-4 months 2-4 years ago due to insomnia or general anxiety, the other 23 victims had never received psychiatric treatment before participating in this study. None of the 25 subjects had a history of neurological illness, serious head trauma with any known cognitive consequences or loss of consciousness for Ͼ5 min, and alcohol͞substance abuse or dependence. None of the 16 victims without PTSD had a family history of axis I disorder in their first-degree relatives.
The socioeconomic status (SES) and parental SES were assessed by using the Hollingshead scale (29) . Victims with and without PTSD did not differ in age, gender, duration of education, SES, and parental SES ( Table 1 ). All subjects were right-handed based on the Edinburgh inventory (30); we determined the laterality index Ͼ0.8 as the cutoff for righthandedness. Because acute sarin exposure modulates the cholinergic pathways (31) , the concentrations of serum cholinesterase were evaluated to assess the severity of the acute sarin intoxication in the emergency room, which was not significantly different between the two groups ( Table 1 ). The ethical committee of the University of Tokyo Hospital approved of this study. After a complete explanation of the study to the subjects, written informed consent was obtained from all participants.
MRI Acquisition. The MRI data were obtained by using a 1.5-T scanner (General Electric Signa Horizon Lx, version 8.2, GE Medical Systems, Milwaukee, WI). For volume analysis, threedimensional Fourier-transform spoiled gradient recalled acquisition with steady state was used because it affords excellent contrast between the gray and white matter in the evaluation of brain structures. The repetition time was 35 msec, the echo time was 7 msec with one repetition, the nutation angle was 30°, the field of view was 24 cm, and the matrix was 256 ϫ 256 (192) ϫ 124. The voxel dimensions were 0.9375 ϫ 0.9375 ϫ 1.5 mm. A trained neuroradiologist (H. Yamada or O.A.) evaluated the MRI scans and found no gross abnormalities in any of the subjects.
MRI Data Analysis.
Image analysis was performed by using ANALYZE PC 3.0 (Mayo Foundation, Rochester, MN) and SPM 99 software (Wellcome Department of Cognitive Neurology, Institute of Neurology, London) running in MATLAB 6.1 (Mathworks, Sherborn, MA). In ANALYZE, image data were resampled by using an algorithm to make them isotropic, with the sides measuring 0.9375 mm, and then stored. Image processing by the SPM 99 software was based on the method reported by Suzuki et al. (21) and similar to those used in the studies by Ashburner and Friston (32) and Good et al. (33) . Briefly, images first were spatially normalized into the standard space of Talairach and Tournoux (34) . Normalized images then were segmented into the gray matter, white matter, cerebrospinal fluid, and skull͞ scalp compartments by using an automated and operatorindependent process. The segmentation of normalized magnetic resonance images in SPM 99 uses a clustering algorithm identifying a voxel density of a particular tissue type combined with a priori knowledge of the spatial distribution of these clusters in healthy subjects (35) . The segmentation step also incorporates an imagedensity nonuniformity correction (32) to address image-density variations caused by different positions of cranial structures within the MRI head coil. The spatially normalized segments of the gray and white matters were smoothed with a 12-mm full-width, half-maximum isotropic Gaussian kernel to accommodate individual variability in the sulcal and gyral anatomy. By smoothing the data, the partial-volume effect was used to create a spectrum of gray-or white-matter intensities. Gray-or whitematter density is equivalent to the weighted average of the grayor white-matter voxels located in the volume defined by the smoothing kernel. Because previous studies showed a fair correlation between the regional gray-or white-matter density identified with VBM and their volumes measured by the con- ventional manual tracing method (18, 21, (36) (37) (38) , the regional gray-or white-matter density can be considered to represent the local amount of gray or white matter.
Statistical Analysis. Statistical comparison between the two groups was performed by using an analysis of covariance model for global normalization (39) , which removes global gray-or white-matter density differences for each subject and normalizes the segmented brain images to the same total amount of gray or white matter while preserving regional differences in gray-or white-matter density. Age and gender were also treated as confounding covariates. To test hypotheses with respect to regionally specific group effects, the estimates were compared by using two linear contrasts (more or less gray or white matter in patients than controls) (40 (38) . The comparisons were made between the victims with (n ϭ 9) and without (n ϭ 16) PTSD. Correlational analysis with the PTSD severity was performed in PTSD subjects only because of the low, restricted range of PTSD symptom severity in the non-PTSD subjects. Global gray (or white) matter, age, and gender were treated as confounding covariates, and the total score of CAPS was treated as the covariates of interest. To test hypotheses about regional specific covariate effects, the estimates were compared by using two linear contrasts (positive or negative correlation) (40) . Significance levels were also set at corrected P Ͻ 0.05. Small-volume correction was also applied by using the maxima obtained by the group analysis as the center of a small volume. Furthermore, to rule out potential confounding factors that may affect VBM findings, correlational analysis was also performed with the clinical measures (age at onset, height, body weight, SES, parental SES, duration of illness, scores of the revised impactof-event scale, and concentration of serum cholinesterase) in victims with and without PTSD separately. These clinical measures were treated as the covariates of interest, and global gray (or white) matter, age, and gender were treated as confounding covariates. Statistical significance was defined at the same threshold as in the correlational analysis with PTSD severity.
Results

Comparison of Regional Gray or White Matter Between Victims With
and Without PTSD. The area with less gray-matter density in victims with PTSD compared with those without PTSD existed within the left ACC {peak coordinate [x, y, z (mm)] ϭ (Ϫ8, 12, 32), k ϭ 113, T score ϭ 5.67} (Figs. 1 and 2) . The intensities in the other gray-matter regions and any of the white-matter region did not show any significant differences between the two groups. These results indicate a significant left ACC gray-matter volume reduction after controlling for age and gender effects in victims with PTSD compared with those without PTSD. We note that it was unlikely that the volume reduction of ACC in patients with PTSD is solely the consequence of the neurotoxic effect of sarin on the brain structure, because there was no significant difference in serum cholinesterase concentration between the two groups (a trend-level significance even indicated that non-PTSD subjects may have been exposed to sarin itself slightly more) ( Table 1 ).
Correlates of Gray or White Matter with Clinical Variables in Patients
with PTSD. Among the patients with PTSD, there was a significant negative correlation between the total score of CAPS and the gray-matter density in the left ACC gray matter {peak coordinate [x, y, z (mm)] ϭ (Ϫ8, 12, 28), Z score ϭ 4.36} (Fig. 3 ). This result indicates that the reduced ACC gray-matter volume showed a significant inverse relationship with PTSD severity after controlling for the age and gender effects. In the other regions, gray-or white-matter density was not significantly correlated with the total score of CAPS. In victims with and without PTSD, there were no significant positive or negative correlations between regional gray-or white-matter density and age at onset, SES, parental SES, scores of the revised impactof-event scale, and concentration of serum cholinesterase.
Discussion
Morphological analysis with VBM revealed a significant regional volume reduction in the left ACC gray matter in trauma survivors with PTSD compared with those without PTSD. This reduced ACC gray-matter volume was significantly related to the severity of the disorder in PTSD subjects. The coexistence of these theoretically independent effects, i.e., the group difference in densities of ACC and the association between densities and behavioral scores within the patient group, provides compelling evidence for the importance of ACC in the pathophysiology of PTSD. In addition, we found no significant structural differences in the other regions including the medial temporal region. This study provides evidence of a volume reduction of ACC in patients with PTSD. The findings of the present study are consistent with several neuroimaging studies that have suggested dysfunction or neuronal loss in ACC in patients with PTSD (16, 17, (42) (43) (44) (45) (46) . The results of the present and previous studies support a neuroanatomic model of PTSD that posits a failure of ACC to inhibit a hyperresponsive amygdala (16, 43, 47, 48) . Furthermore, the results of this study are in line with those from published neuropsychological studies (49, 50) that showed that hippocampal functions were not impaired in PTSD after recent traumatic events, whereas performances on frontal lobe tasks such as attention and set-shifting were impaired.
The findings of the present study are interesting in light of the fact that ACC may perform a compensatory role in the regulation of emotion (51) and play an important role in attention (52) . It has been proposed that an impairment of emotional modulation and gating function may underlie the neurobiology of PTSD (53) . Furthermore, studies in rats have shown that lesions in ACC facilitated fear responses during the acquisition and extinction phases of a fear-conditioning task (54) . Theoretically, a dysfunction in ACC could provide a failure to regulate fear responses to traumatic events in patients with PTSD (2). In addition, Pujol et al. (55) showed a relationship between anatomical variability of ACC and harm avoidance of temperament and character inventory, a temperamental disposition to fear, and anticipatory worry in healthy subjects. Moreover, Richman and Frueh (56) reported that combat veterans with PTSD were found to be high on harm avoidance and that high scores for harm avoidance were predictive of increased PTSD symptom severity. Therefore, it may be reasonable to expect that a preexisting smaller ACC gray-matter volume in patients with PTSD may indicate an individual's higher vulnerability to developing PTSD after exposure to a traumatic event. However, the design of this study cannot address the etiology of the volume reduction directly, i.e., whether it is a vulnerability marker or a consequence of the chronic effect of stress.
In the present study there were no morphological differences in the hippocampus between subjects with PTSD and those without PTSD. We propose two possible explanations for the discrepancy between our results and those of previous studies showing hippocampal volume reduction. First, the previous studies showing hippocampal volume reduction examined combat veterans or survivors of sexual and͞or physical abuse with PTSD (3) (4) (5) (6) (7) (8) , whereas studies of PTSD subjects with acute, short-term traumatization (including the present study) reported negative findings (12) . Therefore, a smaller hippocampus may be seen only in patients with highly chronic PTSD. Second, the presence or absence of substance͞alcohol misuse and depression in PTSD subjects may also contribute to the inconsistency. Most PTSD subjects examined in previous studies showing hippocampal volume reduction included subjects with current alcohol dependence and͞or depression (3) (4) (5) (6) (7) (8) . Both depression (57) and alcoholism (14) are possibly associated with a smaller hippocampal volume. Schuff et al. (13) showed that there were no differences in hippocampal volumes between PTSD patients without a recent history of alcohol abuse and control subjects. Agartz et al. (14) also reported that the hippocampal volumes in alcoholic women who had PTSD did not differ from those of the alcoholic women who did not have PTSD. In the present study, the subjects included only one PTSD patient with depression and no alcohol or substance abusers.
Here we address the methodological considerations of our study. First, the findings from this VBM study need validation through manual tracing studies of the hippocampus and ACC with the same subjects, although the validity of VBM has been confirmed in several previous studies in comparison with the conventional region-of-interest measurements (18, 21, 36, 37) . It has been suggested that VBM may not detect very small and localized gray-matter volume reductions, because false-positive or false-negative VBM findings may arise from the changes in the shape or displacement of structures in the course of spatial normalization (18) . Therefore, we are not able to totally rule out the possibility that some subtle differences in particular brain regions including the hippocampus remained below the sensitivity of VBM. Second, because our sample size for patients with PTSD was small, we cannot exclude the possibility that regions other than the left ACC gray matter, which were below the statistically significant level in the present examination, may show significant differences between two groups if the sample size were to be improved.
In conclusion, the present study using VBM revealed a smaller left ACC gray-matter volume in trauma survivors with PTSD than those without PTSD. Furthermore, this gray-matter volume reduction in the left ACC was significantly associated with the severity of symptoms in the patients with PTSD. These findings provide further evidence that the ACC, which is involved in attention, emotional regulation, and conditioned fear, plays an important role in the pathology of PTSD. 
